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qPCR – quantitative polymerase chain reaction 
rRNA – ribosomal RNA 
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18S – eukaryotic small ribosomal subunit 
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Eimerie jsou jednobuněční prvoci z kmene Apicomplexa způsobující 
nemoc kokcidiózu, která je příčinou velkých ekonomických ztrát především 
v drůbežářském průmyslu. Cílem této práce bylo vyvinout nové molekulární 
metody a vyřešit některé problémy, což by bylo cenným příspěvkem v oboru, 
využitelným jak ve výzkumu tak i v praxi. Protože imunita proti eimeriím je 
druhově přísně specifická, je důležité znát jednotlivé druhy a dokázat je 
rozpoznávat. Tradiční diagnostické postupy spoléhají na klasické metody 
jako je určování morfologie oocyst pod mikroskopem, stanovování 
prepatentní periody nebo hodnocení lézí způsobených parazitem. Určování 
druhů těmito způsoby je však časově velice náročné a často nespolehlivé, 
hlavně v případech, kdy analyzujeme směs více druhů, jejichž parametry se 
překrývají. I když metody určování druhů využívající klasickou PCR již 
existují, tyto metody postrádají výhody nabízené real-time kvantitativní PCR 
(qPCR). Prvním cílem této práce bylo vyvinout qPCR metody pro detekci a 
kvantifikaci sedmi druhů kuřecích eimerií. Cílem byla vysoká specifita 
a maximální pokrytí všech různých kmenů každého druhu, proto byly jako 
cílové sekvence hledány jednokopiové nepolymorfní oblasti. Užitečnost 
metody byla demonstrována analýzou vzorků z terénu. Dalším cílem práce 
bylo vyřešení postavení druhu kuřecí kokcidie Eimeria mivati, jehož platnost 
je často zpochybňována. Pomocí izolace čistých kmenů a následné analýzy 
sekvencí malé ribozomální podjednotky (18S) jsme dokázali, že v rámci 
jednoho genomu tohoto parazita existují dva typy 18S sekvence a že tyto typy 
odpovídají sekvencím E. mitis a E. mivati. Existence dvou typů 18S tak byla 
u eimerií pozorována poprvé a znamená, že druh E. mivati je stejný druh jako 
E. mitis. Toto zjištění má důležité dopady pro diagnostiku kuřecích eimerií, 
veterinární praxi a výrobu živých vakcín. Další oblastí práce byly kokcidie 
krůt, kde jsme objasnili otázku dvou kmenů druhu E. adenoeides, které se 
lišily morfologií oocyst do takové míry, že jeden kmen byl původně 
považován za jiný druh. Pomocí analýzy genu 18S a testů křížové imunity 




Eimeria is an apicomplexan parasite causing disease coccidiosis that is 
most prominent in poultry farming industry. This thesis is aimed to develop 
new molecular tools and resolve issues that would be a valuable contribution 
in the field from both research and industry perspective. Because immunity 
to Eimeria is strictly species-specific, it is important to know and recognize 
correctly all species that parasitize the host. Traditional diagnostic 
approaches rely on classical methods such as oocyst morphology 
determination under the microscope, measurement of prepatent period or 
in-vivo assessment of lesions caused by this parasite. However, diagnostics of 
individual species using these methods is very time-consuming and it is often 
unreliable, especially when mixture of multiple species whose parameters 
overlap is analyzed. Methods utilizing conventional PCR to distinguish 
species already exist, however, they lack advantages offered by quantitative 
real-time PCR (qPCR). The first aim of this thesis was to develop qPCR assays 
for detection and quantification of seven Eimeria species which infect chicken 
utilizing single-copy non-polymorphic targets in order to ensure maximal 
specifity and coverage of all strains of each species. Usefulness of this method 
was demonstrated by analysis of field samples. Another aim was to resolve 
status of Eimeria mivati that was considered doubtful species. We have 
analyzed small ribosomal subunit (18S) sequences of single-oocyst derived 
strains of E. mitis and we have found that two types of 18S co-exist within 
single genome that correspond to sequences of E. mitis and E. mivati. This 
implies that E. mitis and E. mivati represent the same species. The 
phenomenon of two types of 18S within single genome was not observed in 
Eimeria until now and it has important implications for diagnostics and 
vaccine production. The last aim  was related to turkey coccidia E. adenoeides 
where we encountered two strains that differed in oocyst morphology to the 
extent never described before. We have resolved their status by molecular 




Eimeria is an apicomplexan parasite causing coccidiosis, the disease 
most prominent in poultry farming industry. It is single-celled protozoa with 
complex life cycle which ends with formation of tough oocysts excreted in 
faeces. This parasitic organism invades intestinal cells at defined locations 
depending on Eimeria species and it replicates massively within the cells 
causing substantial damage to the intestinal mucosa. Infections can result in 
high mortality, haemorrhagic disease and poor growth performance that 
cause significant economic losses. Eimerian oocysts are very resistant to 
common disinfectants and reside in environment for very long time. Eimeria 
is a close relative of important human pathogens Toxoplasma and 
Plasmodium and it possess similar cellular machinery and similar genes 
unique to apicomplexans. Numerous species of Eimeria which are adapted to 
the specific host exist. Often multiple species parasitize each host and the 
immunity of the host is always strictly species-specific (Shirley et al., 2007) 
or even strain-specific (Smith et al., 2002).  
The current strategies to prevent this disease are based on using in-
feed anticoccidial drugs or application of live vaccines. Anticoccidial drugs 
added to the feed are relatively easy to use and cheap, however, new 
problems arise from increased resistance of field strains of coccidia and there 
is also a pressure from public health authorities to reduce drug residuals. 
Many of the anticoccidial drugs are already ineffective against resistant 
strains and there is a low support for development of a new drugs from 
companies. On the other hand, live vaccines do not have a problem with 
emergence of resistance and do not bear a risk of any residuals. Live vaccines 
contain either virulent or attenuated line of each species being targeted. 
Although production of live vaccines is very expensive and they can pose a 
risk from residual pathogenicity, these vaccines are preferred for long-lived 
flocks where they elicit effective life-long protection. Therefore, the 
significant part of present research on coccidiosis focuses on improvement of 
current live vaccines and also novel types of vaccine are sought which might 
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be composed of recombinant protein or vector and would enable production 
of safer and cheaper vaccines.   
Because the immunity of the host is always species-specific it is 
important to know and understand all species that parasitize the host in 
order to decide about their inclusion into any vaccine. For the live vaccines it 
is important to include all individual species which are known to be 
pathogenic and the similar situation would be with the recombinant vaccine 
where antigens from multiple species will be necessary.  
The aims of the present work were to develop new molecular tools and 
to carry out specific molecular analyses of chicken and turkey Eimeria 
species. We present results based on three published papers from this field. 
More specifically, the first aim was development of reliable quantitative real-
time PCR (qPCR) assays for identification and quantification of all seven 
chicken Eimeria species (Paper 1). This method serves as a support for 
currently used live vaccines and it is also utilized to screen farms for 
presence of coccidia in litter and it can be also used in research to quantify 
parasitemia during the course of infection. Second aim related to this field 
was to resolve issue with doubtful species E. mivati that was not until now 
analysed on molecular level (Paper 2). It was important also from the 
perspective to ensure that qPCR identification assays cover all chicken 
species occurring in farms. Another aim which emerged during study of 
turkey Eimeria species was resolution of conflict arising from classical 





2. Current state of the art 
2.1 Methods for identification of coccidian species 
Research on coccidia has been traditionally carried out using mainly in-
vivo experiments that consisted of infection followed by isolation of oocysts 
and their analysis by light microscopy. Species of Eimeria were distinguished 
by oocyst morphology, prepatent period, minimum sporulation time or site of 
their infection (Long et al., 1976). However, these procedures take weeks to 
perform and the results are often ambiguous, especially when more species 
similar in these parameters are present. The most often used diagnostic 
parameter is the oocyst morphology because it is readily accessible and its 
assessment can be done quickly. Multiple species differ in oocyst size and 
shape, however, differences are often only slight and parameters often 
overlap as they are spread according to a Gaussian distribution. Hence, 
mistakes in identification often occur and quantitative analysis of mixtures 
containing multiple species is almost impossible. On the other hand, only 
simple laboratory methods that did not require expensive equipment are 
needed. With the advent of PCR the new methods for molecular 
characterization of Eimeria species at the DNA level emerged. The main aim 
of the first works was to develop PCR identification assays that could identify 
individual species which parasitize the host because the traditional methods 
were and are still unreliable and time-consuming. The first PCR methods 
were developed using internal transcribed spacer (ITS) of ribosomal DNA as 
an target (Schnitzler et al., 1999; Haug et al., 2007). However, there are 
known issues with ITS sequence which complicate its use in these methods. 
This sequence is known to be present in genome in multiple copies and these 
copies might differ significantly in sequence and it is known that ITS might 
differ significantly also within strains of the same species (Lew et al., 2003). 
Though their advantage of increased PCR sensitivity because of their multi-
copy state, ITS sequences might be not reliable species-discriminating target 
in this fast evolving single-celled parasite which is known to having multiple 
different strains. Alternative methods of classical PCR were developed which 
use single-copy target sequences instead of ITS. These targets were 
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developed from RAPD-derived (Random Amplification of Polymorphic DNA) 
SCAR (Sequence Characterized Amplified Region) markers and were tested 
on multiple strains (Fernandez et al., 2003). Although this method is 
considered to have higher reliability, all these classical PCR methods lacks 
advantages offered by novel quantitative real-time PCR (qPCR) methods. The 
first and the only one (excluding ours) qPCR method for identification of 
chicken coccidia species was developed using ITS sequences as targets with 
all its disadvantages mentioned previously (Morgan et al., 2009). Impaired 
specifity of this method manifested as a false negativity in case of one strain 
of E. praecox. Moreover, as the copy number of ITS sequence varies and is not 
known in each Eimeria species, these assays cannot be used for exact 
quantification in complex mixtures. Therefore, we attempted to develop 
qPCR assays for all seven chicken Eimeria species that are based on single-
copy RAPD-derived markers which were confirmed to be non-polymorphic in 
multiple strains of each species (Paper 1). 
2.2 Chicken coccidia 
In chicken, there are seven recognized species of Eimeria – 
E. acervulina, E. brunetti, E. maxima, E. mitis, E. necatrix, E. praecox and 
E. tenella. These species have been well studied and there are no doubts 
about their validity. However, there are also two species which were also 
described – E. mivati and E. hagani – but these species are not accepted by all 
experts in the field, although species designated as E. mivati is included in 
one commercial vaccine (Coccivac, Schering-Plough, USA). Chicken coccidia 
have the longest history of research and are the best studied Eimeria species. 
Their phylogenetic relationships were already studied to some extent using 
small subunit ribosomal RNA (18S) sequence (Barta et al., 1997) and there 
are no doubts about taxonomical status of the aforementioned seven species. 
The methods utilizing classical PCR (Fernandez et al., 2003) as well as qPCR 
(Vrba et al., 2010) to identify these species already exist. Although coccidian 
species which infect chicken host are the best studied Eimeria species, there 
are still doubts about validity of the two species mentioned previously – 
particularly E. mivati. While some researchers concluded that this is not a 
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valid species (Shirley et al., 1983; McDonald et al., 1983), another researchers 
advocated for this species (Fitz-Coy et al., 1989). The phylogeny studies that 
included some sequences from presumed E. mivati never concluded firm 
statements. Resolution of issue with E. mivati was important for decision 
whether should it be considered for inclusion into vaccine and it was also 
important to ensure that previously developed qPCR method for species 
identification covers this species. Our qPCR method identified this species as 
E. mitis and we have analysed status of this species by sequencing 18S rDNA 
and phylogeny reconstruction (Paper 2). It was the first report of molecular 
evidence for its taxonomical status – and it was confirmed that E. mivati is the 
same species as E. mitis. Previous attempts to resolve status of this species by 
18S sequence failed because it was not known that there might be two 
polymorphic variants of 18S gene present within single genome of Eimeria. 
We reported this in Eimeria for the first time, although it was known from 
Plasmodium that such phenomenon exist, mainly among Apicomplexa. 
Finding of two variants of 18S gene within single genome have significant 
implications for population genetics and molecular diagnostic methods which 
utilize this gene. 
2.3 Turkey coccidia 
Eimeria species infecting turkeys are much less studied than its chicken 
counterparts. There are seven species described in the literature, namely: 
E. adenoeides, E. dispersa, E. gallopavonis, E. innocua, E. meleagridis, 
E. meleagrimitis and E. subrotunda. However, validity of most of these species 
has yet to be confirmed as there are multiple doubts which await to be 
resolved using molecular phylogenetics. For example, E. subrotunda and 
E. innocua were described many years ago but there are no reports of 
encountering these species nowadays (Chapman, 2008), species 
E. gallopavonis has never been encountered outside USA although all chicken 
Eimeria species are spread worldwide (Chapman, 2008), validity of 
E. dispersa has been questioned (Joyner, 1978), and finally notion that 
multiple species might exist under the name E. meleagrimitis were reported 
(Ruff et al., 1980; Chapman, 2008). The diagnostics according to the 
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morphology and other biological parameters that is well established in 
chicken coccidia is thus very limited in turkey coccidia because available 
literature is not consistent in description of individual species and there are 
no molecular tools for distinguishing these species. There are two 
commercial vaccines which include some species of turkey coccidia although 
there are no research papers concerning or supporting these vaccines. These 
vaccines utilize virulent strains and are thus marketed only in USA and 
Canada because virulent coccidiosis vaccines are not permitted in Europe. 
Only recently the paper was published that deals with characterization of 
ITS-1 sequences from four turkey coccidia species (Cook et al., 2010) and it 
also found discrepancies in current taxonomy and it suggests that two 
different species exist under name E. meleagrimitis. Although literature was 
quite consistent in description of species E. adenoeides, we have 
unexpectedly found that there are two different strains of this species that 
differ in oocyst morphology to the extent never observed in coccidiosis 
before. Such finding together with molecular analysis of 18S and cytochrome 








3. Aims of the work 
 
The aims of the work were to develop a new tools and to resolve issues 
that would be a valuable contributions in the field of coccidiosis from both 
industry and research perspectives.  
The first aim was to develop a qPCR assays for all seven chicken Eimeria 
species. These assays can be used by researchers to advance their research 
efforts in coccidiosis as well as companies focusing on diagnostics of field 
samples. 
The second aim was to resolve issue with E. mivati using molecular 
tools. That would be a valuable and persuading contribution to a 
longstanding debate about this species in the field of chicken coccidiosis as it 
is important to know what species really exist in order to do correct 
decisions in vaccine production and field diagnostics. 
The third aim was to resolve unknown status of the two different 
strains of turkey coccidia E. adenoeides, where we encountered variations 
that were never described before. Consequently, this has an important 
implications for diagnostics of turkey coccidia and it is a contribution to the 
whole image of turkey coccidia taxonomy that we trying to complete in our 




4. Comments on published papers 
4.1 Development of qPCR for detection and quantification of 
all seven Eimeria species infecting chicken (Paper 1) 
This paper presents development and validation of seven qPCR assays 
specific to seven chicken Eimeria species – E. acervulina, E. brunetti, 
E. maxima, E. mitis, E. necatrix, E. praecox and E. tenella. The aim was to 
choose the target sequence that would be single-copy and non-polymorphic 
within species in order to ensure compatibility with a broad spectrum of 
various strains that exist in coccidia. For this purpose we have utilized 
SCARdb (Fernandez et al., 2004) database of known SCAR (sequence-
characterized amplified region) markers and we have utilized and validated 
four previously developed markers for E. acervulina, E. maxima, E. necatrix 
and E. tenella (Blake et al., 2008). SCARdb contains multiple RAPD-derived 
sequences tested on several strains in Brazil. These sequences were found to 
be species-specific but sequence identity among different strains was 
confirmed only in some of these sequences. We have selected multiple 
candidate SCAR markers for each species and designed qPCR markers within 
their sequence. SCAR sequences were first checked for presence of 
repetitions by Tandem Repeat Finder (Benson, 1999) in order to avoid 
repetitious regions. Then, qPCR markers 100 – 150 bp in length were 
designed using Primer3 software (Rozen and Skaletsky, 2000) and secondary 
structure of resulting candidate qPCR markers was checked using mfold DNA 
folding software (Zuker, 2003). We aimed to avoid qPCR markers that would 
be easily folded into strong secondary structure that would hinder correct 
annealing of primers and probe.  At the beginning we have ordered all 
primers (without expensive probes) for such designed candidate qPCR 
markers. We obtained all available strains of each of seven Eimeria species 
and isolated the DNA for further tests of polymorphism of these candidate 
markers. At first we validated species-specifity of each marker and its 
convenience for qPCR using Sybr GREEN qPCR assays that do not require 
fluorescent probes. Using these Sybr GREEN reactions we also screened for 
marks of cross-reactivity with foreign DNA that is present in huge amount in 
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DNA samples from faces (bacteria, yeast, plant, host). Then we PCR-amplified 
each candidate qPCR marker from each strain of respective species and then 
cloned these markers into pBluescript vector and sequenced them. 
Polymorphisms of each candidate marker among various strains was 
assessed by alignment of resulting sequences by BLAST bl2seq algorithm 
(Altschul et al., 1997). The ultimate goal was to find qPCR marker for each 
species that would be identical in sequence with SCAR from which it was 
derived and also identical among all strains tested. After testing one or more 
candidate markers for each species we have found such markers. Markers 
previously developed for E. maxima, E. necatrix and E. tenella were found to 
be non-polymorphic in all tested strains so there was no need to test another 
candidate markers for these species. However, marker previously developed 
for E. acervulina was found to be polymorphic so we have tested another 
candidate markers for this species. Polymorphism of markers was avoided to 
lower probability of false negativity or positivity in yet unknown strains and 
also in order to ensure correct annealing of fluorescent probe in the middle 
of marker sequence. Imperfect probe annealing could lead to 
underestimation of species quantity or it could prevent detection entirely. 
For the final set of markers, fluorescent probes were ordered using 6-
carboxyfluorescein (6-FAM) at the 5’-end and Black Hole Quencher (BHQ-1, 
replacement of TAMRA) at the 3’-end. The standard curves were then 
generated using both plasmid-encoded markers as well as genomic DNA. 
These curves demonstrated repeatability across wide linear range of 
measurements – between 101 - 108 for plasmid DNA and between 101 - 106 
for genomic DNA. It indicates sensitivity at the level of 10 genomes which is 
approximately one sporulated oocyst (8 genome copies). Coefficients of 
regression exceeded 0.99 in all assays. Precision of these assays was 
measured as an average standard deviation of mean triplicate Ct values and 
was less than 0.19 which means that these assays can distinguish between 
two-fold dilutions in 99.2% cases. Efficiency of PCR was found to be similar 
among assays and was measured to be over 1.93. Specifity, sensitivity and 
standard curves were validated also in independent laboratory at Royal 
Veterinary College, University of London by Dr. Damer Blake. In the paper we 
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show how to calibrate these seven assays using genomic DNA from known 
number of oocysts and such calibrated assays can be then used for reliable 
relative quantification of individual species in mixture. This approach is 
demonstrated and assays are also validated by analysis of field samples from 
multiple farms. Relative abundance of each species was measured using DNA 
isolated from litter and faces collected at farms. The species which were 
present in sufficient amount to be detected by microscopy were confirmed by 
this traditional approach. Moreover, in one selected sample from Angola we 
confirmed each species also using 18S amplification, cloning and sequencing.  
The developed assays provide quick and reliable tool for specific 
detection and quantification of seven Eimeria species infecting chicken. 
Single-celled Eimeria parasites possess huge replicative potential and thus 
have ability to mutate genotype relatively quickly, especially under the 
pressure of host immunity and anticoccidial drugs. This is favourable for 
development of many genetically different strains worldwide. For this reason 
we aimed for global validity and we did thorough analysis of each qPCR 
marker using as many strains as possible. Although we cannot guarantee that 
some different strain of some species exists that might escape from detection 
using our primers and probes, our approach aimed to minimize such risk. 
Along with seven species assays we also routinely include additional Eimeria 
genus-specific assay targeting universal multi-copy 5S region. This assay is 
able to detect any Eimeria species with high sensitivity and is useful in cases 
where sample contains non-chicken species of Eimeria. In such cases all 
seven species assays can be negative and Eimeria-5S assay will be positive 
indicating presence of non-chicken Eimeria (for example turkey coccidia). 
This assay might prove helpful also in some rare case where some strain of 
chicken Eimeria escapes detection. Sensitivity of our assays is sufficient to 
detect genomic DNA from single sporulated oocyst, however, in practice the 
sensitivity is limited by efficiency of DNA isolation. Using the dedicated kit we 
can isolate DNA directly from litter and faeces, but the sensitivity is lower 
compared to the method where the oocysts are first isolated from faeces 
using flotation and then the DNA is isolated from purified oocysts. The 
isolation of DNA from eimerian oocysts is critical step because the methods 
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to efficiently disintegrate tough oocysts are not easy. We have found highest 
and consistent efficiency by utilizing mechanical disruption by vigorous 
shaking with glass beads in Mini-BeadBeater (BioSpec, USA) machine. 
Samples are then processed by standard spin column DNA isolation. In cases 
when oocysts contained in litter and faeces need to be disintegrated we 
utilize silicon-carbide sharp particles instead of glass beads. Apart from 
oocysts, the DNA can be isolated from any developmental stage of Eimeria 
such as sporozoites or merozoites. These developmental stages are present 
in infected tissues or cell culture and do not require mechanical disruption 
step. DNA can be thus more easily isolated using standard protocols 
developed for tissues.  
We have demonstrated usefulness of this qPCR technique for screening 
of farms for presence of coccidia and their quantification. Mixed-species 
infections and mixed-species vaccines are most common, therefore 
quantification of individual species is needed, for example in order to do 
distinguish problem-causing species from ubiquitous species present in small 
amount. Relative quantification is particularly important in live vaccine 
manufacture where the inocula need to be tested for species-purity in order 
to prevent immunization with other species, both in vaccine production as 
well in quality control process. Final multi-species formulation of live 
vaccines can be checked as well. Also in veterinary practice, samples of 
infected intestinal tissue can be taken from multiple locations and analyzed 
for species abundance and this can help in cases where there are doubts 
about what species caused the observed lesions or in cases of suspected 
subclinical coccidiosis that facilitates development of necrotic enteritis. In 
research it is also advantageous to check species-purity of samples and 
measure their level of contamination with other species. We can also quantify 
parasitemia (per gram tissue) in various parts of intestine during the course 
of infection, for example when studying life cycle of attenuated species. Given 
the high economical significance of chicken coccidiosis it is very probable 
that qPCR techniques will become routine diagnostic method in many 




4.2 Discovery of two types of 18S sequence within E. mitis 
that contests the existence of E. mivati (Paper 2) 
In this paper we analyze species E. mitis using sequencing of 18S and 
cytochrome oxidase (COI) gene in order to resolve issue of related species 
E. mivati whose validity was considered doubtful. While some researchers 
believed that this species is valid, other researchers considered this species 
to be the same species as E. mitis. During the course of thorough 18S 
sequencing of pure strains of E. mitis we have found that it contains two 
types of 18S gene and that the sequences of these two types correspond to 
sequences of E. mitis and E. mivati. Such result was not expected because it 
was not known that organisms from Eimeria genus might contain more than 
one type of 18S gene, although it was observed in some other apicomplexan 
organisms, eukaryotes normally have these genes homogenized and maintain 
only single type of 18S sequence.  
Species E. mitis that was used for our analyses originated from mixed 
field isolate where E. mitis was detected and quantified by our qPCR method. 
It was a mixture of five species. We have first selectively enriched this 
mixture by passaging on birds which were immunized with other four 
species (E. acervulina, E. maxima, E. necatrix and E. tenella). This way the 
content of E. mitis was increased from 30% in original sample to 98% in 
enriched sample. Such mixture was then used for single-oocyst isolations. In 
order to ensure analysis of pure strains we have carried out five independent 
single-oocyst isolations that consisted of picking-up single oocyst by 
micromanipulator and infecting chicken with that single oocyst. This 
technique is analogous to colony picking in microbiology that is done for the 
similar reasons – to ensure that we are working with single-cell derived line 
and not mixture of species. The oocysts of these strains were then 
characterized by measurement under the microscope and we have found that 
all five strains have similar distribution of length and width and that average 
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dimensions (15.0 μm x 13.8 μm) correspond to known dimensions of both 
E. mitis and E. mivati. 
Oocysts of each of five strains were then used for DNA isolation and 
amplification of 18S and COI genes. PCR fragments were cloned into 
pBluescript vector and resulting purified plasmids were sequenced. Six 
bacterial colonies with 18S and two colonies with COI for each E. mitis strain 
were subjected to sequencing. We have found two types of 18S sequence in 
each strain in roughly equal ratio. The first type (mitis-type) have high 
homology to already known sequences of E. mitis and the second one (mivati-
type) is homologous to known sequences attributed to E. mivati. Phylogenetic 
analysis using all 18S sequences of E. mitis and E. mivati showed that these 
two types segregate into two clades with high statistical support. This 
suggest that these two sequences do not evolve according to traditional 
model of concerted evolution. Grouping observed in phylogenetic analysis 
also confirmed that the differences between these two sequence types are 
not just random polymorphisms but are rather fundamental. Mitochondrial 
cytochrome c oxidase subunit I gene sequences were identical among all five 
strains and are highly homologous to the only one known sequence of 
E. mivati. COI sequence of E. mitis was not published until now. Phylogenetic 
analysis utilizing COI sequences of E. mitis, E. mivati and other chicken 
Eimeria species showed grouping into clades that correspond to species. In 
this analysis E. mitis and E. mivati COI sequences are grouped into single 
lineage which is in agreement with our hypothesis that this two sequences 
come from the same species. We employed Bayesian inference and maximum 
likelihood method and both provided the same topology of phylogenetic tree 
with high statistical support. 
We also investigated predicted secondary structure of these two types 
of small ribosomal subunit in order to check whether differences at the DNA 
level might have some significant impact on structure. Using superposition 
with Toxoplasma gondii 18S structure, we have indentified structure (helix 
43 in V7 region) that differs in these two types of 18S. This helix is elongated 
in mitis-type 18S rRNA by four nucleotide pairs compared to mivati-type 18S 
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rRNA. Although we cannot predict what is the functional impact of this 
difference in secondary structure, we have shown that the differences in 
these sequences cannot be regarded as random single-nucleotide 
polymorphisms (SNPs) that are otherwise common in 18S sequences from 
various strains. We can only hypothesize that different 18S types might play 
different roles in parasite life cycle as it was observed in Plasmodium. 
Our findings oppose existence of E. mivati as an independent species, 
because if the strains carrying one or the other type of 18S gene exist, they 
will likely cross-breed and still represent single species. However, more 
probable explanation is that all strains of E. mitis contain two types of 18S 
gene and that the sequences detected previously and attributed to either 
E. mitis or E. mivati come from the same species. It is probable that detection 
of only one type of sequence in the past was caused by insufficient sampling 
where only one or two 18S clones were sequenced. When field samples 
containing multiple species were analysed, researchers found multiple 18S 
sequences including mitis-type and mivati-type from E. mitis which were 
thought to be from two species. Our work presents persuading molecular 
evidence that contests existence of E. mivati and reports two types of 18S 
sequence within single eimerian genome. These findings are important for 
both Eimeria taxonomy as well as for molecular diagnostics utilizing 18S 
gene. 
4.3 Description of two strains of E. adenoeides with 
remarkable morphological variability (Paper 3) 
The paper deals with turkey coccidia E. adenoeides which is considered 
as one of the most pathogenic and most often encountered coccidia of the 
turkey. Although literature is relatively consistent in description of this 
species compared to other turkey Eimeria species, we have found unexpected 
morphological variability of oocysts that has never been observed before in 
coccidiosis. At the beginning of our work with turkey coccidia we thought 
that the smaller strain (KCH) is a species E. meleagrimitis because of its 
oocyst morphology and dubious pathogenicity, however, after molecular 
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analysis of 18S gene we hypothesized that it might be the same species as 
E. adenoeides because their sequences shared high similarity. Utilizing 
additional molecular and biological tests we concluded that these two strains 
represent single species. 
After preliminary analysis of 18S sequences from mixed field samples 
from small turkeys farms in Czech Republic we performed single-oocyst 
isolations of desired species. We have isolated strains now designated 
E. adenoeides KR and E. adenoeides KCH. At the beginning the KCH strain was 
though to be E. meleagrimitis. We measured oocyst dimensions for each 
strain. While the KR strain had large and ellipsoidal oocysts, the KCH strain 
had small and ovoid oocysts. Oocyst morphology of KR strain corresponded 
to E. adenoeides as described in literature. Oocysts of KCH strain 
corresponded to E. meleagrimitis or some other turkey coccidia species. DNA 
from both purified strains was subjected to PCR amplification of 18S, ITS-1 
and COI genes. PCR fragments were cloned into vector and purified plasmids 
from multiple clones were sequenced. Here, we have found only one type of 
18S sequence within each genome. The 18S sequences of KR and KCH strain 
shared very high similarity and differed only in two tranversions. Despite this 
similarity we expected these two strains to be still two different species 
because some examples of 18S from rabbit coccidia show that such small 
difference between species is possible. ITS-1 sequences were quite different 
between these two strains, however, it is known that, because of its 
polymorphism, ITS-1 is not appropriate for inference of phylogenetic 
relationships in Eimeria. Mitochondrial cytochrome oxidase sequences were 
relatively different at the DNA level though they are translated into identical 
protein.  
Although molecular data indicated that these two strains might 
represent single species, we could not do any firm conclusions from these 
results without further biological tests. We have compared prepatent period, 
macroscopic lesions and pathogenic effect of both strains and we have 
carried out cross-immunization tests. Prepatent period was measured to be 
same in both strains (103-108 hours). Observed intestinal macroscopic 
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lesions were typical for E. adenoeides and were without noticeable 
differences between the two strains. Pathogenicity was measured as a body 
weigh gain depression after challenge infection. There were no significant 
differences in pathogenic effect measured this way. Both strains were 
similarly pathogenic thus their virulence can be considered equal. Cross-
immunization tests consisted of immunization of turkeys with one strain and 
then challenge infection with other strain. Oocyst output was then measured 
after challenge infection and compared with control (non-immunized) group. 
Both cross-immunization tests showed significant decrease of oocyst output 
after heterologous challenge and indicate that these two strains should be 
considered as single species. Combined data from molecular analysis and 
biological tests provide strong support for hypothesis that these two strains 
represent single species. 
We have also analyzed two commercial turkey coccidiosis vaccines that 
exist on market using 18S sequencing. We have sequenced multiple 18S 
clones from each vaccine and we were looking for sequences homologous to 
sequences from our strains of E. adenoeides. Using this approach we have 
found that each vaccine contains different strain of E. adenoeides and that 
these strains correspond to our strains KR and KCH. Vaccine Coccivac-T 
produced by Schering-Plough (USA) contains strain homologous to our 
E. adenoeides KR and vaccine Immucox-T produced by Vetech (Canada) 
contains strain homologous to our E. adenoeides KCH. These two vaccines 
were never analysed thoroughly and it was not known that such difference 
exist, however, our cross-immunization tests show that both strains can 
protect turkeys against E. adenoeides challenge and that it is not necessary to 
include both strains in vaccine. 
In conclusion, our results showed that species diagnostics according to 
oocyst morphology is unreliable in turkey coccidia and should be carried out 
only with combination with other parameters or should be abandoned 
entirely. New qPCR diagnostic methods are being developed by our research 







5. Results summary 
 
We have achieved the following results: 
 
1. We have developed quantitative real-time PCR assays for all seven 
chicken Eimeria species using single-copy non-polymorphic targets. 
These assays can be used both in research as well as in veterinary 
practice for specific pathogen detection and precise quantification. 
 
2. We have resolved the doubtful taxonomical status of E. mivati using 
molecular analysis of 18S rRNA. This species has been questioned for 
more than 30 years and we brought the molecular evidence that 
clarifies its status. We confirmed that it is the same species as E. mitis 
and we have discovered for the first time in Eimeria that two types of 
18S co-exist within genome. Moreover, we showed that these two 
rRNA types differ significantly in secondary structure and might play 
different roles in parasite life cycle. 
 
3. We have resolved the status of the two strains of E. adenoeides that 
differ in oocyst morphology to the extent never observed before in 
coccidiosis. The smaller strain resembled species E. meleagrimitis but 
molecular evidence and further cross-immunity tests showed that 
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